Is Winfree's abstract Tile Assembly Model (aTAM) "powerful?" Well, if certain tiles are required to "cooperate" in order to be able to bind to a growing tile assembly (a.k.a., temperature 2 self-assembly), then Turing universal computation and the efficient self-assembly of N × N squares is achievable in the aTAM (Rotemund and Winfree, STOC 2000). So yes, in a computational sense, the aTAM is quite powerful! However, if one completely removes this cooperativity condition (a.k.a., temperature 1 self-assembly), then the computational "power" of the aTAM (i.e., its ability to support Turing universal computation and the efficient self-assembly of N × N squares) becomes unknown. On the plus side, the aTAM, at temperature 1, is not only Turing universal but also supports the efficient self-assembly N × N squares if self-assembly is allowed to utilize three spatial dimensions (Fu, Schweller and Cook, SODA 2011). In this paper, we investigate the theoretical "power" of a seemingly simple, restrictive variant of Winfree's aTAM in which (1) the absolute value of every glue strength is 1, (2) there is a single negative strength glue type and (3) unequal glues cannot interact (i.e., glue functions must be "diagonal"). We call this abstract model of self-assembly the restricted glue Tile Assembly Model (rgTAM). We achieve two positive results. First, we show that the tile complexity of uniquely producing an N × N square in the rgTAM is O(log N ). In our second result, we prove that the rgTAM is Turing universal.
Introduction
Even in an overly-simplified model such as Winfree's abstract Tile Assembly Model (aTAM) [24] , the theoretical power of algorithmic self-assembly is formidable. Universal computation is achievable [24] and computable shapes self-assemble as efficiently as the limits of algorithmic information theory will allow [23, 21, 1] . However, these theoretical results all depend on an important This author's research was supported in part by National Science Foundation Grant CCF-1117672. system parameter, the temperature τ , which specifies the minimum amount of binding force that a tile must experience in order to permanently bind to an assembly. The temperature τ is typically set to a value of 2 because at this temperature (and above), the mechanism of "cooperation" is available, in which the correct positioning of multiple tiles is necessary before certain additional tiles can attach. However, in temperature 1 systems, where such cooperation is unenforceable, despite the fact that they have been extensively explored [10, 5] , it remains an unproven conjecture that self-assembly at temperature τ < 2 is incapable of universal computation. It is also widely conjectured (most notably in [21] ), although similarly unproven, that the efficient self-assembly of such shapes even as simple as N × N squares is impossible.
Given the seeming theoretical weakness of tile assembly at temperature 1, contrasted with its computational expressiveness at temperature 2, it seems natural that experimentalists would focus their efforts on the latter. However, as is often the case, what seems promising in theory is not necessarily as promising in practice. It turns out that in laboratory implementations of tile assembly systems [22, 3, 4] , it has proven difficult to build true strength-2 glues in addition to being able to strictly enforce the temperature threshold (e.g. many errors that are due to "insufficient attachment" tend to occur in practice). Therefore, the characterization of self-assembly at temperature 1 is of the utmost importance.
With the goal in mind of specifying a model of self-assembly that is closer to the intersection of theoretical power and experimental plausibility, in this paper, we propose "the aTAM at temperature τ = 1 + ". We introduce the restricted glue Tile Assembly Model (rgTAM), which requires that (1) all glues have strength −1, 0, or 1, (2) that there is only one glue type that exhibits −1 strength (i.e., a repulsive force equivalent in magnitude to the binding force of a strength 1 glue), and (3) the glue function is diagonal, which means that a glue of one type interacts only with other glues of the same type. Our goal in developing the rgTAM is to study the "simplest" model of algorithmic self-assembly that retains the computational and geometrical expressiveness of temperature 2 selfassembly. In this paper, we achieve two positive results. First, we show that the tile complexity of uniquely producing an N × N square in the rgTAM is O(log N ). In our second result, we prove that the rgTAM is Turing universal.
The use of glues possessing negative strength values has been investigated within a variety of contexts [18, 7] . However, previous results have been much less restrictive, allowing non-diagonal glue functions (meaning that glue types can have interactions, perhaps of different strengths, with multiple different glue types) and large magnitudes. Additionally, no explicit bound has been set on the number of unique negative strength glue types. In order to help bridge the gap between theory and experiment, we have proposed restrictions on the aTAM (in the form of the rgTAM as stated above).
Various experimental implementations of the Tile Assembly Model have utilized tiles created from DNA [22, 3, 4, 25, 17] . Moreover, several results have shown that magnetic particles can be attached to DNA molecules [13, 19] . Since two magnetized particles of the same polarity experience a repulsive force, the com-
